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RESEARCH MEMORANDUM

MEASUREMENTS OF HEAT TRANSFER
AND BOUNDARY-LAYER TRANSITION ON AN 8-INCH-DIAMETER
HEMISPHERE-CYLINDER IN FREE FLIGHT FOR A MACH NUMBER

RANGE OF 2.00 TO .88

By Benjamine J. Garland and Leo T. Chauvin
SUMMARY

Measurements of aerodynamic heat transfer have been made along the
hemisphere and cylinder of a hemisphere-cylinder rocket-propelled model
in free flight up tc a Mach number of 3.88. The test Reynolds number
based on free-stream conditlion and diameter of model covered s range from

2.69 x 100 to 11.70 -aef. - .. e .

Laminar, transit?ohhl, and turbulent heat-trensfer coefficients were
obtained. The laminar data along the body agreed with laminar theory for
blunt bodies whereas the turbulent data along the cylinder were consist-
ently lower than that predicted by the turbulent theory for a flat plate.
Measurements of heat transfer at the stagnation point were, in general,
lower than the theory fOr stagnation-point heat transfer. When the
Reynolds number to the Jjunction of the hemisphere-cylinder was greater

then 6 X 106, the transitional Reynolds number varied from 0.8 x'lO6 to
3.0 X 106; however, when the Reynolds number to the junction was less
than 6 X 106, the transitionsl Reynolds number varied from 7.0 X 106 to
2h.7 x 10°. |

INTRODUCTION

Sharp-nose bodies are desirable for use at supersonic speeds because
of their known aerodynamic characteristics. However, as the Mach number
increases, the aerodynamic heating being a function of the Mach number
becomes ilncreasingly severe. Theory shows that the heat-transfer rate gt
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the nose tip is a function of Mach number and reduces with increasing
nose~tip dlameter. In order to reduce the heating rates to a tolerable
level, the tip diameter must be increased; thereby the aerodynamic char-
acteristics of the sharp tip are compromlsed. This means of reducing the
heat-transfer rates will probably be satisfactory for a large number of
flight conditlions; however, for other cases, new materials and artificial
cooling methods will be required in addition to blunting.

Ag part of a general progrem belng carried out by the National
Advisory Commlttee for Aeronautics to investigate the effects of shape on
the aerodynamic heat transfer and boundary-layer transition, the Langley
Pilotless Alrcraft Research Division (PARD) has conducted tests to eval-
uate these properties for various blunt-nose shepes, some of which have
been reported in references 1 and 2. ’

The purpose of the present investigation was to lnvestigate the heat
transfer and location of boundary-lasyer transition on a hemigphere-cylinder
at Mach numbers up to 3.88. This was accomplished.by telemetering skin-
temperature messurements along the hemisphere and cylinder of a two-stage
rocket-propellied model. TLaminaer, turbulent, and transitional heat-transfer
data were measured during the test for free-stream Reynolds numbers per

foot up to 18.9 X 106. The measured hegt-transfer data are compared with
existing heat-transfer theories for stagnation-point heat transfer (ref. 3),
with the theory *of Stine and Wanlass for laminar flow along the hemisphere
(ref. 4), and with the theories of Van Driest for laminar and turbulent
flow on & flat plate (refs. 5 and 6). e

The flight test was conducted at the Langley Pilotless Alrcraft
Research Station at Wallops Island, Va.

SYMBOLS
b length from stegnhation point-to hemisphere-cylinder junction,
sD/4, in.
ce local skin-friction coefficient
p specific heat of ailr, Btu/slug-°F
Cp,w specific hest of wall materisl, Btu/lb-oF
D diameter of model, 1n.
h .aerodynamic heat=transfer coefficient, Btu/(sec)(sq £t)(°F)
A distance from stagnation point aelong surface at model, in.
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thermel conductivity of ailr, Btu/(sec)(sq £t)(°F/ft)
Mach number

Nusselt mumber, h(1/12)/k
Stenton number, h/cyoV
Prandtl number, cpp/k

pressure, 1b/sq f%
Reynolds number, pV(1/12) /u

Reynolds number st transition point, based on free-stream
conditions

Reynolds number based on laminar-boundary-layer momentum
thickness

recovery factor

temperature, °R unless otherwise indicated

time, sec

velocity, ft/sec

velocity of sound, ft/sec

distance from stegnation polint along axls of model, in.
velocity gradient at stagnation point

angle between stations on hemisphere and stagnation point, deg
viscosity of air, slugs/ft-sec

density of air, slugs/cu ft

specific weight of wall material, 1lb/cu ft

wall thickness, £t

‘"'n,lm ' Ny E. E." L
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Subsgcripts:

aw adiabatic wall

t lsentroplec stagnation

1 just outside boundary layer B
W wall (skin) material

% undisturbed free stream

MODEL, INSTRUMENTATION, AND TEST

Model

The general model arrangement and pertinent dimensions of the test
vehicle are shown in the sketch of figure-1l and in the photograph of fig-
ure 2. The body was an 8-inch-dismeter hemisphere-cylinder of fineness
retio 17.25 stabilized by three tapered trapezoidasl magnesium fins
equelly spaced. Details of the fins are glven in figure 1.

The test vehicle was all metal in construction with spun Inconel
belng utilized for the nose section, which comprised 20.5 percent of the
body length. The rear section was formed from magneésium-alloy skin and a
cast-magnesium-alloy tail section to which the fins were welded. Skin
thicknesses for each measurement station are shown in table I. All the
surfaces were polished and the surface roughness as measured by a
Physicists' Research Co. Profilometer was 25 microinches and 60 micro-
inches root mean square for the Inconel and magneslium skin, respectively.

The model was boosted by an M5 JATO rocket motor and the sustainer
motor was an ABL Deacon rocket motor. A photograph of the model and
booater on the launcher is shown in figure 3.

Instrumentation

The model was equipped with four channelsg of telemetering, two of
which transmitted wall temperatures and the other two, longitudinal
accelerastion to a ground recelving station. The temperature channel was
commutated about every 0.2 second to transmit temperature messurements
at the locations shown in table I. Thermocouples 1 to 12 were installed
in the Inconel nose section by fusing the thermocouple wire to the Inner
surface of the gkln. Because the rear section of the model was magneslum,
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the thermocouple wire could not be fused to the inner skin. The instal-
lation was accomplished by placing the bead (the fused junction of the
thermocouple wires) into a countersunk hole equal in depth to the skin
thickness, filling the hole with molten megnesium, and refinishing the
surface to a prescribed finish. The accuracy of the temperatures
recorded was within %15° F. This value is based on & maximum probable
error of T2 percent of the calibrated full-sc¢ale range, which is the
usual accuracy of the PARD flight-model instrumentation. A more com-
plete discussion of the genersl methods of the temperature telemetering
techniques employed is presented in reference 7.

In addition to the instrumentation cerried intermally, the model was
tracked by a CW Doppler radar set and an NACA modified SCR 584 radar set.
The former provides the velocity of the model and the latter provides
trajectory data. Atmospheric and wind conditions are determined by means
of radiosondes launched near the time of flight and tracked by a Rawin
set AN/GMD-lA. The model exceeded the range of the CW Doppler radsr set,
and the veloclty data were extended by integration of the telemetered
acceleration.

Test

The model wae launched from an elevation angle of 75°. The booster
accelerated the model to a Mach number of %.05 where it separated from
the model shortly after burnout. The model coasted upwards for a pre-
determined time until the sustainer rocket motor ignited and accelerated
the model to a Mach number of 3.88. This method of flight programming
provided large chenge of Reynolds number for g given Mach number. For
example, at the end of the first-stage burnout (M = 3.05), the free-

stream Reynolds number per foot is about 19 X 106; whereas, for the same
Mach number dudring the second-stage firing and coasting, the Reynolds

numbers are approximately 9 X 106 and 7 X 106, respectively. These and
other test conditions will be discussed in greater detail subsequently.

DATA REDUCTION

From the flight test of the model, the following basic information
wag obtalned as a function of time:

(1) Wall-temperature measurements given in figure L for thermo-
couples 1 to 23, the locations of which are listed in table I

(2) Air properties (density, speed of sound, static temperature,
and pressure) at any given time (fig. 5)
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(3) Free-stream Mach number and Reynolds number per foot (fig. 6)

From these messurements, heat-transfer information was reduced to Stanton
number where '

dT
:p,prTW at

N, V), =@ —
St(cpp )z
Taw - Tw

Local conditions were obtained from pressure distribution for a
hemisphere-cylinder given in references 8 to 10 and from supersonic
flow relations for normsl shocks.

The adiabatic-wall temperature T, was obtained from the defi-
nltion of recovery factor where -

Taw - TZ

L

This relation leads to

Taw = Ty + ﬂr(Tt—' Tz)

The data along the hemisphere were reduced by using a recovery
factor equal to (NPT)1/3 for turbulent flow and (NPr)l/E for laminar
flow where the Prandtl number was based on measured wall temperature.
For the stagnatlion point, a recovery factor equal to 1 was used. The
thermodynamic properties of air (p, Npy, and so forth) used in the com-
putation were obtalned from reference 1l. ’

Propertlies of the material used in the construction of the model
were obtained from reference 12 for the Inconel nose-section and from
reference- 13 for the magnesium rear section. Skin thicknesses for the
various thermocouple locatlions are given in table I.

Radlgtion end conduction aslong the body were evalusted for the times

at which datae were obtalned and were found to be less than 2 percent of
the heat due to convection for the worst condition (low values of heat

Flux Tgy - Tw). T _
WOt R
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RESULTS AND DISCUSSION

Local heat-~transfer coefficients expressed in the form of Stanton
number were reduced from the wall-temperature time histories as described
in the section entitled "Data Reduction.” Stanton numbers were obtained
for various times during the flight as indicated by ticks in figure 6 on
the Mach number time history. As can be seen in figure 6, Stanton num-
bers were obtained for several Reynolds number conditions at each Mach
number.

Heat-transfer results are presented in figure 7 for all stations
along the model in the form of Stanton number h/chV agelinst the

dimensionless length 1/b for various Mach number end Reynolds number

conditions. All Stanton numbers shown are based on local conditlions.

The transition point was located by using the variation of the
Stanton number along the model in conjunction with the measured wall
temperature. Figure 8 shows a typlcal veriation of the wall temperature
along the model for a specific time and Mach number.

Date for some of the Mach number and Reynolds number conditions were
not presented because of low rates of change of the wall temperature with
time (dTw/dt) or low forcing functions (Taw - T,). Both of these condi-

tions could cause large errors in the Stanton number.

Date obtained at the stagnation point will be discussed and corre-
lated with existing theories later in this section.

Heat Transfer Along the Model

Figure T(a) shows the date taken at M = 2.00 at 2.75 and
27.25 seconds at which times the free-stream Reynolds numbers per foot

were 13.50 x 108 and 4.10 x 108, respectively. The data obtained at a

Reynolds number per foot of 13.50 X 106 (2.75 seconds) appear to be lami-
ner up to l/b 0.167. The datse taken at the following station

(l/b 0.333) show a considerable rise in Stanton number. This rise sug-
gests transition from laminar to turbulent flow and occurs between & Rey-

nolds pumber of 1.18 x 10° and 2.36 x 106, based on free-stream conditions
and length from the stagnation polnt to the corresponding stations. The
heating condition TW/TZ is approximastely 0.65 for this region of transi-

tion. Stanton numbers at stations rearward of Z/b = 0.333 along the
model show a gradual decrease, as might be expected for turbulent heat

transfer. At a reduced Reynolds number per foot equal to 4.10 X 106
(27.25 seconds), the date appear to decrease rapidly as Z/b Increases;
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this condition indicates laminar flow. However, at 1/b = 4.82, a joint
in the fuselage (designated herein as "nose Joint") existed which appar-
ently trips the boundary layer slnce all measurements rearward of this
point are of turbulent megnitude. The calculated estimates for laminar
flow are from the theories of Stine and Wanlass (ref. 4) and Van Driest
(ref. 5). Both theories are in falr agreement with the data. For tur-
bulent flow, the value of Ngt calculated by using the Van Driest theory

(ref. 6) for this condition (27.25 seconds) is about 20 percent higher

than the data. It 1s interesting to note, however, that, 1f the theory
were not modified as suggested in reference 14 and the stralght Reynolds

anslogy CﬁSt = %vcf) were used, the theory would then be ln better agree-

ment with the data. This point ls true for all other Mach numbers. The
flat-plate theories of Van Driest are valid only for the cylinder and do
not consider the pressure gradient along the surface of the hemisphere.
The theories 1n all cases are based on length from the stagnation point
and on local flow conditions for the times indicated in the figure. Simi-
lar agreement with turbulent theory was obtained for flight conditions at
2.75 seconds but was not shown in figure 7(a). -

For a Mach number of 2.50 (fig. 7(b)), the Stanton numbers are pre-
sented for Reynolds numbers per foot equal to 16,60 x'106, 13.00 X 106,
and T7.55 X lO6 corregponding to flight times of 3%.20, 5.45, and 16.70 sec-
onds, respectively. For a free-stream Reynolds number per foot of
16.60 x 106, transition occurs agein between 1/b = 0.167 and
1/b = 0.33% for a value of R, ; between 1.44 x 105 and 2.90 x 10°. '

ke
The heating condition was approximately 0.60. For a slightly reduced
Reynolds number per foot egqual to 13.00 X 106, transition occurs back
on the cylinder between stations 1/b = 3.23 and 1/b = 3.86. This
Reynolds number of transition is between 21.80 X 106 and 26.20 X 106,
which is a large increase in Rw,T from the previous case at this Mach
number. The heating condition was approximately 1.3. For the third
condition where the Reynolds number per foot is equal to T7.55 X 106,
laminar flow existed up to the nose joint at 1/b = 4.82. This nose joint
appears t0 have egain tripped the boundary layer. The leminar theories are
in good agreement whereas the turbulent theory 1s agasin higher than the
deta ag for the M = 2,00 case. The theories are presented for the flight

conditions at 16.70 seconds and it was assumed that the turbulent boundary
layer was In existence from the stagnation point.

Date are presented for four flight times along the trajectory when
M = 2.80 occurs. (See fig. 7(c).) These times correspond to 3.45, 4.62,
17.05, and 21.45 seconds for which the free-stream Reynoclds numbers per

foot are 17.80 x 108, 17.0 x 106, 8.30 x 106, and 6.90 x 106, respectively.
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For t = 3.45 seconds or for the free-stresm Reynolds number per foot
equal to 17.80 X 106, transition occurs agaln between 1/b = 0.167 and
1/b = 0.533 for a value of R, g between 1.55 X 10% and 3.10 x 10°. For

about the same Reynolds number per foot (17.00 X 106) at t = 4.62 seconds,
transition started at 1/b = 0.333 which corresponds to R, p = 3.0 X 10°.
It 1s interesting to note that the heating condition for both conditions
was gpproximstely 1.0. For the two lower Reynolds number conditions, lami-
nar heat trensfer prevailed up to the nose Jjoint at Z/b = 4.82, and the

data are in agreement with the laminar theories. Turbulent heat-transfer
data are ggain lower than theory.

For a Mach number of %.05 and for the low free-stream Reynolds num-

bers per foot equal to 8.84 X 10% ana 7.83 X 106 obtainea at 17.30 and
20.40 seconds, respectively, laminar flow existed up to the nose joint.
However, for t = 3.80 seconds (Reynolds number per foot equal to

18.90 x 106), transition occurred closer to the stagnation point between
stetions 1/b = 0.083 and 1/b = 0.167 or for R, q = 0.824 x 106 for

the station Z/b = 0.083. The theory for laminar flow showed good agree-
ment with the measurements whereas the turbulent heat-transfer data were
in similar agreement with turbulent theory as for the preceding Mach
number csases.

Data are presented at a Mach number of 3.40 for Reynolds numbers per

foot equal to 9.80 X lo6 and 9.10 X 106 which correspond to flight times
of 17.70 and 19.45 seconds. (See fig. 7(e).) Here again the data appear
to be laminar up to the nose joint when the Reynolds number per foot is

9.80 x 106; whereas, for the other conditions at t = 19.45 seconds when
the Reynolds number per foot is 9.10 X 106, transition eppears between

l/b =1.48 and Z/b = 1.96 which gives Rw,T = T.05 X 106 for
/b = 1L.48. However, the data do not reach full turbulent level until
Z/b = 3.86. The agreement with theory is again as good as for the pre-

vious Mach numbers.

In figure 7(f) is shown the data teken at M = 3.60 for Reynolds

numbers per foot equal to 10.40 X 106 ana 9.60 X 10 which oceur at
times 17.90 and 19.00 seconds, respectively. For a Reynolds number per

foot of 10.40 X 106, the data appesred to be laminar to Z/b = 1.96
(RM,T = 10.7 X 106); however, some rise above the laminar theory is noted

and this rise might suggest that trensition had started. This region of
transition occurs for a constant TW/Tz of approximately 0.95. For the

other test condition (19.00 seconds), the transition region begins close
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to the hemisphere-cylinder junction /b = 1.48 (Ru,’T 7.45 x 105) and
extends to 1/b = 3.86. This rise occurs for a Tw/TZ 1.10 at-

/b = 1.8 to T, /T, =0.95 at 1/b = 3.86. The laminar theory (ref. k)

is in agreement with the data whereas the turbulent theory is higher
than the measurements.

Only one test condition appears for a Mach number %.88 (fig. 7(g)),
this being the highest Mach number of the test. The Reynolds number per

foot is 10.80 x 106. Figure T(g) egain shows the agreement with the
laminar theory and transition is shown by the rise in the Stanton number

at 1/b = 1.48 which occurs for T,/T; = 0.95 and R, = 8.22 X 106,
The agreement wlth the turbulent theory 1s agaln consilderably lower.

From preceding test—-conditions, 1t appears that laminer theory gives
a8 good prediction for the heat-transfer coefficient whereas the turbulent
theory overestimates the heat-transfer coefficient. This discrepancy in
the turbulent theory has also been noticed in other heat-transfer investi-
gations for blunt=nosed bodies. (See ref. 1l.)

Stagnation-Point Heat Transfer

In figure 9 1s presented the measured stagnation-point heat transfer
Ny
VoBD2 /1.

ertles in the heat-transfer parameter are based on the stagnation-point
conditions and the Nusselt number is based on the diameter of the cylinder.
Values of B sare given as functions of Mach number by Korobkin (ref. 15).
The date are compared with the theory of Sibulkin (ref. 3). The data
appear to scatter about the theory and are in felir asgreement. However,
some of the date points fall considerably below the theoretical predic-
tions. Similar results from flight test and the theory of reference 16
have suggested lower heat-transfer coefficlents than those of reference 3.

expressed as as a function of Mach number, where the alr prop-

Boundary-Layer Transition

Transition was pointed out in the discussion of heat-transfer meas-
urements. At attempt to correlate the Reynolds number of transition for
the hemispherical section was made by taking the various locations on
the body for which the heat-transfer coefficient shows a sudden increase
and expressing this rise at the start of transition.

The Reynolds numbers of transition were plotted as functions of the
free-stream Reynolds number based on the surface length from the

I:fﬁii!ﬂ@iﬁﬁiﬂ!lt; i
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stagnation point to the junction of the hemisphere-cylinder (1/b = 1)

in figure 10. The solid symbols signify that transition occurred on the
hemisphere. The figure indicates that, 1f the Reynolds number to the
Junction is grester than approximately 6 X 106, transition appeared in
the subsonic flow reglon and the Reynolds number of transition is low

0.8 x 10% to 3.0 X 106); however, when the Reynolds number is less than

6 x 106, transition occurred in the supersonic flow region and the Rey-
nolds number of transition may vary from 7.0 X 106 to 2.7 x 106. The
transition points on the hemisphere were in sccord with the transition
Reynolds number experienced on a L4-inch-dlameter hemisphere tested in a
free jet (ref. 2) and with other flight tests of a hemisphere-cone model
partly reported in reference 1. For convenlience in comparing transition
with other tests, the Reynolds number of transition based on computed
momentum thickness Rg 1s given In figure 10 for pointe of transition
on the hemisphere and one value is given for transition at the nose
Joint (1/b = 4.82). The values of Ry were computed by the method of

reference 17.
SUMMARY OF RESULTS

Measurements of aerodynamic heat transfer have been made at 23 sta-
tions along the body of a hemlsphere-cylinder rocket-propelled model up
to 2 Mech number of 3.88. Data are presented for & range of free-stream

Reynolds number, based on the diameter of the model, between 2.69 x 108

end 11.70 X 106. Laminar, transitionsl, end turbulent heat-transfer
coefficients were measured and the following results noted:

1. The laminar data sgreed with theory for a hemisphere-cylinder
body. The turbulent dats, on the cylinder, were consistently lower than
predicted by the turbulent heat-transfer theory for a flat plate.

2. Measurements made at the stagnation point were lower than pre-
dicted by theory but are consistent with other similar investigations.
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3. When the Reynolds number to the Junction of the hemisphere~
cylinder was greater than approximately 6 X 106, the transitionsl N
Reynolds number varied from 0.8 x 106 to 3.0 X 106; however, when the
Reynolds number to the junction was less than 6 X 106, the transition

Reynolds number varied from 7.0 x 10° to 24.7 x 10°.

Langley Aeronautical Laboratory,
Natlonal Advisory Committee for Aeronautlcs,
Langley Field, Vea., March 29, 1957.
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TABLE I.- LOCATION OF THERMOCOUPLES
b
.
’ _i / 6\._
\ b = 6.28 in.
X
Skin
Thermocouple 8, deg x, in. 1, in. 1/b thickness,
in.

s o o] 0 o] 0.040
3 7.5 .0k .52k .083 .00
L 15 .15 1.05 167 .0k2
5 30 .54 2.09 .333 042
6 60 2.00 L4.19 666 .032
T 90 4.00 6.28 1.000 .025
8 90 7.00 9.28 1.48 .03L
9 90 10.00 12.28 1.96 .03h
10 90 1k.00 16.28 2.59 .034
11 90 18.00 20.28 3.23 034
12 90 22.00 24 .28 3.86 .03k
13 90 37.25 39.53 6.30 .092
1k 30 k.25 46.53 7.25 .092
15 90 51.25 53.53 8.5k4 .092
16 90 58.25 60.53 9.65 .092
17 90 65.25 67.53 10.78 .092
18 90 72.25 74 .53 11.89 .092
19 90 82.25 8k.53 13.64 .092
20 20 91.25 93.53 14.80 .092
21 90 100.25 102.53% 16.32 .092
22 90 109.25 111.53 17.75 .092
23 90 118.25 120.53 19.18 .092
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